Glutamate is the main excitatory neurotransmitter in the brain. It is released into the synaptic cleft and activates ionotropic and metabotropic glutamate receptors in the postsynaptic membrane 1 . Excitatory amino acid transporters (EAATs) in the plasma membranes of cells surrounding the synapse (glial cells and neurons) catalyze the uptake of glutamate and contribute to clearance of the neurotransmitter from the extracellular fluid. Mammalian EAATs belong to a large superfamily of transport proteins found in many eukaryotic and prokaryotic organisms, called the glutamate transporter or ubiquitous solute carrier-1 (SLC1) family 2 . Prokaryotic members are involved in uptake of nutrients that serve as carbon and nitrogen sources. Glutamate transporters are secondary active transporters that couple substrate transport to the transport of cations (sodium ions, potassium ions and protons) across the membrane. Preexisting gradients of these cations allow accumulation of the amino acid substrate in cells. The type and number of co-or counter-transported cations vary among the members of the glutamate transporter family [3] [4] [5] [6] .
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The most extensively studied prokaryotic member of the glutamate transporter family is the aspartate transporter Glt Ph , from Pyrococcus horikoshii 7 . This protein couples aspartate transport to the symport of three sodium ions 4 . It also shows substrate-gated chloride conductance 8 . Glt Ph is the only member of the glutamate transporter family for which crystal structures are available [9] [10] [11] [12] . Glt Ph is a homotrimeric protein, and its protomers have a complex membrane topology, including two helical hairpins (HP1 and HP2) and broken helices. Each of the three subunits contains a substrate-binding site and a translocation path. Crystal structures of Glt Ph reveal that the protein consists of two domains: a trimerization domain that provides a rigid scaffold 12, 13 and a transporting domain. The transporting domain binds the substrates and may undergo a large movement (of ~1.6 nm) during the transport cycle to shuttle the bound and occluded substrates between outward-oriented (1XFH, 2NWL) and inwardoriented (3KBC) states (intermediate state: 3V8G). In addition, smaller movements have been proposed in which HP1 and HP2 could act as lids or gates for substrate binding and release, on the cytoplasmic and extracellular side, respectively 12 .
We have used EPR spectroscopy to study the conformational dynamics of Glt Ph . We focused on the question of whether the predicted large-scale movement of the transporting domain indeed takes place, and we studied how the environment (micelles or membranes) and the binding of substrates affect the conformational transitions.
RESULTS

Design of EPR measurements
To monitor the structural changes that occur upon substrate binding by EPR spectroscopy, we used site-directed spin labeling. We created single and double cysteine mutants of Glt Ph that we modified with the reagent 1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSL). Figure 1 gives an overview of the residues used for site-directed spin labeling. Transport assays using the purified proteins in proteoliposomes showed that all spin-labeled mutants were active in aspartate transport (Fig. 1e) .
We used a pulsed EPR method (double electron-electron resonance (DEER)) with a working temperature of 50 K to measure distances of 1.5-8 nm between the spin-labeled side chains, and we used continuous wave (CW) EPR experiments with a working temperature
The trimerization domain is a stable scaffold Introduction of a spin label at a single position in Glt Ph allows for the measurement of the distance between the protomers of the homotrimeric protein. We constructed two trimerization-domain mutants by replacing Thr166 (located in the cytoplasmic end of transmembrane helix 4) and Val176 (located in the cytoplasmic end of helix 5) with an MTSL-modified cysteine (R1). Simulations on the available crystal structures indicated that these spin labels are >1.8 nm apart and therefore suitable for DEER measurements 15 . We did not observe spectral broadening in the CW EPR measurements, which further supports the notion that the spin labels were >1.8 nm apart (Supplementary Fig. 1) . We recorded spectra of the apoprotein and of the protein in the presence of saturating concentrations of Na + alone or Na + and aspartate. In agreement with previous biochemical and structural data 12, 13 , the trimerization domain did not show any large-scale conformational changes upon addition of coupling ions or substrate (Fig. 2) . We observed two sharp peaks (centered around 2.8 nm and 3.8 nm for T166R1 and 2.6 nm and 3.4 nm for V176R1) in the interspin distance distributions for proteins in the presence and absence of substrates. The measured distances were in agreement with the interprotomer distances calculated on the basis of the crystal structures ( Table 1 and Fig. 2) .
Because Glt Ph is a trimer, each mutation resulted in the presence of three cysteines per protein complex, which could result in a considerable population with three spin labels per trimer, depending on the efficiency of spin labeling (Supplementary Table 1 ). In such cases, the experimental distance distributions obtained by DEER may contain artifacts 16 . We analyzed the effects of three-spin artifacts for the spin-labeled mutants used here (Supplementary Fig. 2 ) and found that they contributed only marginally to the observed experimental distributions.
The transporting domain is conformationally heterogeneous
The mutants S300R1, S331R1 and A364R1 are labeled in the transporting domain at the N-terminal end of transmembrane segment 7, the C-terminal end of transmembrane segment 7 and the C-terminal half of HP2, respectively. The available crystal structures suggest that the intermolecular interspin distances in these mutants differ between the outward-and inward-oriented states. The distance between Ser300 residues from different protomers is shorter in the outward-than in npg a r t i c l e s the inward-oriented state (Cα-Cα = 3.3 nm and 4.4 nm, respectively), whereas the opposite is true for Ala364 and Ser331 (for Ala364, Cα-Cα = 4.8 nm and 3.4 nm, respectively; for Ser331, Cα-Cα = 7.3 nm and 4.7 nm, respectively). The experimentally determined distance distributions for all three mutants were very broad or characterized by multiple peaks (Fig. 2) , indicating conformational heterogeneity in the transporting domain in the apo state. The distance distributions were sensitive to the binding of Na + alone or Na + and aspartate, but in all cases, the conformational heterogeneity remained (Fig. 2) . The observed broad features in the interspin distance distributions indicate the presence of multiple conformations, but deconvolution of the resulting distance distribution is difficult owing to overlapping effects arising from intrinsic orientational distribution of the rotamers of the spin label, conformational heterogeneity of the protein and, possibly, effects from background-correction artifacts in DEER. To qualitatively assess the effects of substrate binding, we compared the experimental interprotomer distances with those predicted by the crystal structures for the inward-and outward-facing orientations (Fig. 2) . In addition, we calculated the means of the experimental distance distributions to provide an indication of the average direction of the distance changes upon addition of substrates ( Table 1) . For S300R1, we observed a slight shift in the broad experimental distance distribution (centered at 4.2 nm in the apo state) toward longer distances upon binding of the Na + coupling ion alone as well as Na + and aspartate, which suggests a higher occupancy of the inward-facing conformation in the substrate-bound form. In contrast, for S331R1, the binding of Na + alone or Na + together with aspartate shifted the broad bimodal distribution toward a higher occupancy of the longer distances characteristic of the outward-facing structure. A364R1 also showed a bimodal distribution in the apo state, and this distribution shifted toward the short distances predicted in the inward-facing state in the presence of Na + alone and Na + and aspartate. Both in the presence and in the absence of substrate, the experimentally determined distances were broader than those calculated from the crystal structures, which could indicate that the trimerization and transporting domains are more loosely associated in solution than in the crystals or that additional conformations not represented by the available crystal structures are present.
Intra-protomer distance measurements
The double cysteine mutant K55C A364C has been used to solve the crystal structure of inward-oriented Glt Ph through cross-linking of the two residues using Hg 2+ (ref. 12). To further study the relative occupancy of the different conformational states of Glt Ph , we spin labeled K55C A364C and used CW EPR lineshape analysis to obtain distance information. This technique is less sensitive than DEER for determining multiple distance distributions, but in the K55R1 A364R1 variant, the distance between the spin labels is expected to be <1.8 nm only in the inward-oriented conformation ( Supplementary Fig. 3c ); therefore, it was possible to selectively measure the occupancy of this conformational state by CW EPR. In contrast, DEER analysis of the doubly spin-labeled mutant is complicated by the overlap of intra-and interprotomer distances (Supplementary Fig. 3 ).
The spectra of the doubly spin-labeled mutant were dipolar broadened compared to the sum of singly labeled mutants, in the absence of substrate and in the presence of Na + or Na + together with aspartate ( Fig. 3) , indicating that a fraction of spin labels were <2 nm apart in all cases. The spectra showed an increased broadening in the presence of Na + as compared to the apo state, which was even more pronounced in the presence of both Na + and aspartate. The increase in dipolar broadening indicates a decrease in the distance, which indicates that a higher fraction of the protein is in the inward-facing conformation.
The membrane environment affects the protein conformations All measurements described above were performed using detergentsolubilized proteins. To explore the effects of the environment on the conformational transitions of Glt Ph , we reconstituted spin-labeled mutants in liposomes. We selected Glt Ph variants carrying mutations V176R1 (located in the trimerization domain of Glt Ph ), S331R1 or A364R1 (located in the transporting domain) and the K55R1 A364R1 double mutant to study distance distributions in proteoliposomes (Figs. 3 and 4) . V176R1 showed the same distance distribution in the membrane as in detergent solution ( Table 1 and Supplementary  Fig. 4) , regardless of substrate binding. In contrast, for mutants S331R1 and A364R1, the interspin distances were different in proteoliposomes compared to detergent solution. Both mutants showed heterogeneous 
(i)
Experimentally determined mean interspin distances, derived from DEER analysis (for single mutants) or from DIPFIT (for K55R1 A364R1), for the detergent-solubilized (s) and liposome-reconstituted (r) apoprotein (−) or protein in the presence of Na + alone or Na + and aspartate. Cases in which CW spectra were recorded and no dipolar broadening was observed were assigned a distance of >2 nm. For K55R1 A364R1, the percentage of the fractions with and without dipolar broadening is given in brackets. Distance values estimated from the spectral second moment 20 (denoted with asterisk) indicate the presence of interspin distances <1.2 nm. Distance distribution width was fixed to 0.3 nm for the fittings of the CW EPR spectra. Cα-Cα, distances as shown by the crystal structures 10, 12 ; rotamer library approach, the corresponding major distances resulting from the rotamer library approach as implemented in MMM (o, outwardoriented conformation; i, inward-oriented conformation). a r t i c l e s distance distributions in detergent and in the membrane, but the extreme distances were suppressed in the membrane, and intermediate distances appeared. For mutant A364R1, the mean distances between the spin labels decreased with addition of coupling ions or substrate (4.2 nm in the apo state, 3.6 nm in presence of Na + and 3.5 nm with Na + and aspartate present) (Fig. 4 and Table 1 ). The changes were qualitatively similar to those observed in micelles; however, the change in mean distance (∆d) was only -0.7 nm in proteoliposomes compared to -0.9 nm in the solubilized protein ( Table 1) . This observation indicates that the main conformational changes were smaller in liposomes and that some of the extreme conformations observed in the crystal structure are sampled less frequently in the membrane environment. We observed a similar effect for mutant S331R1, in which the mean distance increased from 5.3 nm to 5.7 nm with substrate and coupling ion addition, resulting in a ∆d of 0.4 nm, smaller than that found in micelles (∆d = 1.3 nm) ( Table 1 ). The notion that the extreme conformations are sampled less frequently in the membrane environment is also supported by the intra-protomer measurements of spin distances in mutant K55R1 A364R1. Notably, the presence of strong spin-spin (dipolar and Heisenberg) interactions in the apoprotein indicates distances in the 1-nm range (Fig. 3) . Binding of Na + alone or Na + and aspartate reduced the spectral broadening, indicating an increase in average interspin distances. Thus, in mutant K55R1 A364R1 in proteoliposomes, substrate addition induced opposite distance changes compared to K55R1 A364R1 in micelles, highlighting the role of the environment in the stabilization of particular conformations.
DISCUSSION
The EPR measurements show that the trimerization domains form the stable core of trimeric Glt Ph , both in detergent solution and in a membrane environment. The rigidity of the trimerization domain is consistent with crystallographic and functional data 12, 13 . In contrast, the transporting domains are not captured in a single conformation; rather, they sample multiple conformations, in both the presence and absence of substrate (aspartate) and coupling ions (Na + ). In detergent solution, Glt Ph samples the inward-facing (3KBC) and outward-facing (2NWL) conformations, consistent with the conformations caught in the crystal structures. In contrast, different, intermediate conformations were preferred in the membrane, and these could be similar to those found in an asymmetric crystal structure 9 in which the protomers of the trimer were in different conformations. Occupancy of the conformational states was affected by binding of coupling ions and substrate, as well as by the detergent or lipid environment, but multiple conformational states were sampled in all conditions tested. These observations suggest that the equilibrium constants between the observed transporter conformations are close to unity and, consequently, that different states are populated to similar extents. This observation makes sense for the empty carrier and for Glt Ph bound to both Na + and aspartate 17 , as these forms need to be able to isomerize between outward-and inward-facing states for substrate binding and release. However, the Na + -bound protein would not be expected to alternately expose the binding site, as this would lead to uncoupled Na + leaks. Nonetheless, multiple conformational states were sampled in the Na + -loaded carrier as well. Our interpretation of the EPR results is that the transporting domain is constantly shuttling across the membrane, a prerequisite for alternately exposing the binding site. We suggest that local rearrangements like those shown for HP2 (refs. 12,18) trigger the alternating accessibility of the binding sites by coordinately opening and closing the inward-and outward-facing lids or gates, and that the gating is dependent on the presence of substrate and coupling ions. Cross-linking studies on human EAAT1 support the observation that large conformational changes take place in both the presence and the absence of substrates 19 .
Notably, the binding of coupling ions and substrate resulted in apparently opposite effects in different spin-labeled mutants in the transporting domain. In mutants S300R1 and A364R1, binding of both Na + alone and Na + and aspartate caused an increase in occupancy of the inward-oriented state as compared to the apoprotein, whereas mutant S331R1 showed a change in the opposite direction. The occupancy of the states is apparently sensitive to insertion of a cysteine, modification by spin labeling or, possibly, to the freezing that is required to extract distance information by EPR. Again, these observations are consistent with an equilibrium constant close to unity between the observed transporter conformations, a condition in which small perturbations may affect the population of the states.
The available crystal structures of Glt Ph have yielded unprecedented insight into the transport mechanism by providing snapshots of extreme and intermediate conformations. We have compared the conformations of Glt Ph in detergent solution and membranes and have concluded that the large conformational changes suggested by the crystal structures can also be observed in these environments, but that the membrane and the micelle favor different conformations. Moreover, we find that subtle modifications in the protein can have pronounced effects on the equilibrium of the outward-and inwardfacing conformations.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper. 
